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The basal plane cleavage energy (CE) of graphite is a key material parameter for
understanding many of the unusual properties of graphite, graphene, and carbon
nanotubes. The CE is equal to twice the surface energy and is closely related to the
interlayer binding energy and exfoliation energy of graphite. Nonetheless, a wide range
of values for these properties have been reported and no consensus has yet emerged as
to their magnitude. Here, we report the first direct, accurate experimental measurement
of the CE of graphite using a novel method based on the recently discovered
self-retraction phenomenon in graphite. The measured value, 0.37 ± 0.01 J/m2 for  the
incommensurate state of bicrystal graphite, is nearly invariant with respect to
temperature (22°C ч T ч 198°C) and bicrystal twist angle, and insensitive to impurities
(from the atmosphere). The cleavage energy for the ideal ABAB graphite stacking, 0.39
± 0.02 J/m2, is calculated based upon a combination of the measured CE and a
theoretical calculation. These experimental measurements are ideal for use in evaluating
the efficacy of competing theoretical approaches.
Graphite is the most stable form of carbon under standard conditions and is a layered,
hexagonal (P63/mmc) crystal. Each layer is a one-atom thick graphene sheet, in which carbon
atoms are arranged in a 2D honeycomb lattice (space - plane groups P6/mmc - p6mm) 1-3.
Compared  with  the  extremely  strong  sp2 intralayer bonds, the interlayer interactions are
controlled by much weaker van der Waals bonding. This contrast leads to many novel
physical and mechanical properties of graphite, such as maximal values of the electric and
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thermal conductivities, in-plane elastic stiffness and strength 2,4-9, and the minimum
shear-to-tensile stiffness ratio 10. These novel properties make graphite, graphene, and their
allotropes (carbon nanotubes and fullerenes) of intense interest for a wide range of
applications.
In spite of a very large and rapidly growing literature on graphite, graphene, and their
allotropes, a quantitative understanding and characterization of the interlayer interactions of
graphite has yet to emerge 11-20. The interlayer binding energy is a relatively simple measure
of the interlayer interactions and is defined as the energy per layer per area required to
separate graphite into individual graphene sheets (e.g., by uniformly expanding the lattice in
the direction perpendicular to the basal plane). This energy is nearly equivalent to the
exfoliation energy and is approximately equal to the cleavage energy (CE, the energy to
separate a crystal into two parts along a basal plane) and twice the basal plane surface energy.
On the theoretical side, direct calculation based on conventional density functionals cannot
correctly represents the long range van der Waals nature of interlayer interactions in graphite
21. Recently, several approaches have been suggested to overcome this deficiency, such as
Grimme’s density functional correction (DFT-D2) 22, a non-local functional (vdW-DF2) 23,
the meta-generalized gradient approximation (MGGA-MS2) 24,25, the adiabatic-connection
fluctuation-dissipation theorem within the random phase approximation (ACFDT-RPA) 26
and quantum Monte Carlo (QMC) calculations 27,28. From an experimental perspective, the
situation is also murky; there are no reliable, direct measurements of these energies in
graphite; previous indirect measurement approaches yield values that range from 0.14 to 0.72
J/m2 (see Table SI of the Supplementary Information for a summary) and no consensus has
emerged.
Here, we report the first direct experimental measurement of the cleavage energy (CE) of
graphite. The method we adopted is based upon the recently discovered self-retraction
phenomenon in graphite 29 . Our experimental method for measuring the CE can be
understood in terms of an ideal experiment performed in absolute vacuum as described below.
The sample is a rectangular graphite plate adhered to a rigid substrate. The plate itself is a
stack of two thinner, single crystal, rectangular graphite flakes, GF1 and GF2, with all (0001)
basal planes in both flakes parallel, as illustrated in Fig. 1a. The orientations of the two single
crystal flakes are not the same, but are rotated with respect to one another by an angle, I (0 <
I < 60°) about the [0001] direction. The interface (grain boundary) energy per unit contact
area is denoted ߪ(߶). The CE of these two flakes is thus Ȟ଴଴଴ଵ(߶) = 2ߛ଴଴଴ଵ െ ߪ(߶), where
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ߛ଴଴଴ଵ  represents the (0001) surface energy of graphite (of course, at ߶ = 0, ߪ = 0 and
Ȟ଴଴଴ଵ = 2ߛ଴଴଴ଵ). For simplicity, we drop the 0001 subscript since that the remainder paper
refers only to the basal plane of graphite.
Figure 1. Illustration of the cleavage energy measurement. (a) The graphite sample is a stack of two thin, single
crystal, rectangular graphite flakes, GF1 and GF2, with parallel basal planes but rotated with respect to each
other about [0001] by an angle, ߶. The sample is adhered to a rigid substrate. (b) The cleavage energy is
measured through shearing the upper flake relative to the lower one in the superlubric state. (c) Schematic
illustration of the experimental setup to shear the sample using an XYZ stage, measure the shear force, Fapp,
using a force sensor, and control the temperature and vacuum.
Recent experimental observations showed that the contact between two rotated single
crystal basal-oriented graphite flakes is superlubric, namely, the contact is (nearly)
frictionless 30-32.  Thus,  when slowly  shearing  the  top  flake  GF1 a  distance ݔ (see Fig. 1b),
two new free (0001) surfaces with total area ʹܤݔ are exposed, where B denotes the flake
width. The total free energy changes by ߂ܩ = ൫ʹߛ െ ߪ(߶)൯ܤݔ ൌ Ȟ(߶)ܤݔ > 0 .  As  a
consequence, a driving force, Fret = െ
ௗீ
ௗ௫
ൌ െȞ(߶)ܤ (neglecting any dissipation that may
occur – see below), exists for the flake to retract back to its original position (Fig. 1a) in order
to reduce the free energy. Therefore, in the superlubric state, the cleavage energy Ȟ(߶) can
be determined through a precise measurement of the applied shear force, Fapp,  required  to
balance the retraction force Fret in the quasi-static loading (shearing) and unloading
(retraction) processes: Ȟ(߶) = Fapp/B. The superlubric retraction process was only recently
observed 33.
To perform these experiment, graphite mesas were prepared using the technique reported
in 29,31 with the same highly ordered pyrolytic graphite, HOPG (Veeco ZYH and ZYB grade).
The HOPG has a brick wall-like polycrystal structure 31 in which each grain is from a few to
tens of micrometers wide (parallel to the basal plane) and three orders of magnitude smaller
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in the perpendicular [0001] direction, ranging from a few to tens of nanometers 31,34. The
grains are stacked such that they share a common [0001] direction but are randomly oriented
with respect to that axis. This implies that the grain boundaries perpendicular to [0001] are
planer, pure twist boundaries. For our measurements, we prepare mesas with edge lengths 2 
B 9 Pm and heights of ~1 Pm. Given the dimensions of the grains, mesas frequently have at
least one grain boundary parallel to the free surface that runs across the entire mesa 31, as
indicated in Figs. 1a,b. These cross-mesa twist grain boundaries are superlubric contacts.
As schematically illustrated in Fig. 1c a micro-force sensing probe (FemtoTools FT-S100
with a 5 nN force resolution and a bandwidth of up to 8 kHz) is fixed to a micro-manipulator
(Kleindiek MM3A). The temperature and applied shear force were controlled by placing the
test samples on a ceramic heating plate affixed to a stage that can be translated in three
dimensions  with  high  precision.  In  our  measurements,  the  typical  rates  at  which  graphite
flake GF1 was translated was ~25 nm/s. All of the measurements were performed under an
optical microscope (Carl Zeiss Axio Scope.A1).
Figure 2 Typical measured force-shear displacement curves for loading (red solid line) and unloading (blue
dashed line) in ambient conditions at temperatures (a) 22°C, (b) 50°C, and (c) 119°C. The shaded area in (b)
between the entire (III) region loading curve and the unloading curve is the energy dissipated in sliding and
retraction. This energy dissipation can be normalized by the (III) region displacement, d, and the sample width B
to find the dissipative energy (see more below).
We first tested several graphite mesas to verify that self-retraction occurs. For such mesas,
we measured the forces and shear displacements of the top flake both during loading and
unloading. Fig. 2a shows three typical force-displacement curves for loading and unloading
under ambient conditions (temperature 22 ± 1°C, relative humidity 25% ± 2%). The loading
curve can be divided into three regions: (I) a nearly linear shear force-displacement region
which characterizes the predominantly elastic deformation of the tip before the applied force
exceeds the sum of the retraction and static friction force; (II) a sudden drop of the shear
force which corresponds to breaking the chemical bonds at the sample edges formed during
the reactive ion etch used in fabricating the mesas; and (III) a nearly constant shear force
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where the applied force Fapp balances the retraction force Fret, Fapp = –Fret in the superlubric
state, where friction is negligible. The slope is zero in loading region III since the advancing
flake creates new, contaminant free surfaces as it moves.
Since the loading and unloading cycle required ~100s, the exposed surfaces can absorb a
significant quantity of contaminants under ambient conditions 35. The retracting flake tends to
sweep these contaminants 36 ahead of the flake edge in a push broom-like motion that
dissipates energy leading to a contamination (or cleaning) friction Fcf. The unloading curve
can also be divided into three regions: (i) an elastic unloading of the tip until Fapp –(Fcf+Fret)
(recall that Fret < 0 and Fcf > 0); (ii) a region where Fcf increases with retraction distance (the
advancing flake pushes contaminants ahead of the flake edge – the quantity of contaminant
pushed grows in proportion to the flake retraction distance); and (iii) a rapidly decreasing
force where GF2 returns to its original position – this overlaps the initial loading region (I)
reflecting the elastic unloading of the tip after the upper flake returns to its initial position.
To validate the conjectured role of impurities in creating contamination friction Fcf, we
performed similar loading and unloading measurements as a function of temperature in the
same environment – see Figs. 2a-c. The expectation is that increasing temperature reduces the
equilibrium impurity concentration on the newly exposed surfaces 35.  Examination of Fig.  2
shows that the gap between the loading and unloading curves and the slope on the unloading
(retraction) curve (region (ii)) decreases with increasing temperature. The decrease in the
slope in the Fapp versus displacement curve in unloading (region (ii)) with increasing
temperature is associated with decreased impurity concentration on the surface at higher
temperature; recall that Fcf is proportional to the area of the surface swept (sliding distance)
during translation of the upper crystal with respect to the lower one during retraction. Hence,
Fcf should  go  to  zero  in  the  high  temperature  limit  (see  Fig.  3a  inset);  the  temperature  at
which this term becomes negligible should scale in proportion to the contaminant – surface
binding energy. The fact that the loading and unloading curves are nearly identical at the
highest temperature (119°C) demonstrates that there is little hysteresis in the
sliding/retraction process. Additional results over a wider temperature range are shown in Fig.
3a. Additionally, the fact that the loading curve in region (III) is nearly identical to the
unloading (retraction) curve in region (ii) at slightly elevated temperatures (see Fig. 2c)
demonstrates that the magnitude of the dynamic friction force is negligible (since this force
points in opposite directions on loading and unloading) and the retraction (above ~100°C) is
superlubric. Finally, we note that since the loading curve is flat and temperature-independent,
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the flake translation on loading is superlubric over the entire temperature range examined.
These observations, taken together, clearly demonstrate that Fapp = –Fret = ܤ߁ሺ߶) or
that measurements of Fapp (in region III) and the sample width (B) give the cleavage energy,
Ȟ(߶) = Fapp/B.  In  this  manner,  we  find  an  average  cleavage  energy  of Ȟ(߶) = 0.37 ±0.01J/m2,  where  the  data  was  averaged  over  50  samples  with  2-9  ȝm  flakes  with  rotation
angles 16°߶54°.
Figure 3 (a) The measured cleavage energy as a function of temperature. Red, blue and black symbols represent
3 different samples with the same side length (B = 4 ȝm) and the error bars represent the standard deviation of 5
independent measurements on each. The inset shows the dissipative energy, defined in the caption of Figure 1(b),
versus temperatures. (b) The measured cleavage energy as a function of twist angle ߶ at T=20°C. The CE
values were measured from 11 different samples with the same side length (B =  3 Pm). Each sample
corresponds to a different twist angle. The error bars represent the standard deviation of 5 independent
measurements for each sample. The insert shows a typical sample at lock-in from which the rotation angle is
measured.
At finite temperature, we expect the individual basal planes to fluctuate. This could give
rise to a thermal effect on the CE; such an effect has not heretofore been reported. We
experimentally investigate the impact of temperature in ambient laboratory conditions (at a
relative humidity of 22% ± 5% and with different temperatures from 22°C to 198°C). Fig. 3a
shows the measured CE as a function of temperature (based upon the loading curves). From
these results, we see that the CE of incommensurate (large twist angle) graphite is nearly
temperature invariant over the temperature range examined. On the other hand, the shaded
area between regions (III) on loading and region (ii) (see Fig. 2) is clearly temperature
dependent. Normalizing by the displacement d and the sample length B gives an intrinsic
measure of this effect. The insert in Fig. 3a shows that the dissipative energy decreases with
increasing temperature. As discussed above, this is likely due to decreased contaminant
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concentration on the surface with increasing temperature. We have not examined whether this
represents the equilibrium adsorption isotherm or kinetics plays a role here.
As discussed above, the cleavage energy of graphite Ȟ is the difference between twice
the surface energy 2ߛ and the twist grain boundary energy ߪ. Since ߪ is expected to be a
function of twist angle ߶ (like grain boundaries in most crystalline materials), so too is Ȟ.
The first step in determining this ߶-dependence is the measurement of ߶. We do this based
upon the lock-in effect 31; this refers to the observation that self-retraction disappears at a
particular rotation angles of GF2 relative to GF1 31. This can be understood as follows: if two
crystals have an arbitrary rotation with respect to one another such that they are
incommensurate and the two crystals are rigid, there is no barrier to sliding 37-39. However,
when two graphite flakes are commensurate (perfect ABAB stacking) at ߶ = 0, the barrier to
sliding is the theoretical shear strength of the material. This was observed in Ref. 40. By
measuring the angle required to rotate GF2 into such a no-retraction condition, we determine
the  initial  rotation  of  GF2  relative  to  GF1,  i.e, ߶. Fig. 3b shows the cleavage energy as a
function of twist angle ߶ (the  inset  shows a  typical  observation  of  a  flake  rotated  into  the
no-retraction condition). These results, obtained from 11 samples of the same side length B =
3 Pm, show that over the range of angles examined (16° ൑ ߶ ൑ 54°), the cleavage energy is
surprisingly independent of twist angle ߶.
While several measurements and predictions (see Tables S1 and S2 in the Supplementary
Information) are available for interlayer bonding and the surface energy of graphite
(ߛ ൌ Ȟ(0)/2), little information is available on the twist boundary energy ߪ(߶). We turn to
theoretical analysis to understand both the magnitude of ߪ and its independence on twist
angle, ߶. We do this in the framework of the Peierls-Nabarro model 41-43 (that was originally
formulated to describe dislocations), generalized to account for anisotropic elasticity 44 and
extended to describe twist boundaries 45,46.  In  this  model,  the  total  energy  consists  of  two
parts:  the  elastic  energy  stored  in  the  crystals  on  either  side  of  the  boundary  and  the  misfit
energy that represents the atomic interactions (bonding) between the two crystals (at the grain
boundary). The only inputs to the model are the anisotropic elastic constants for graphite and
the generalized stacking fault energy (GSFE). The GSFE is simply the total energy of a pair
of semi-infinite rigid graphite crystals meeting at a (0001) plane as a function of the shift of
the two crystals parallel to that plane minus the energy when the shifts are zero (i.e., perfect
ABAB stacking). The form of the two dimensional GSFE function (displacements in two
orthogonal directions in the (0001) plane) must respect the symmetry of the graphite crystal
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structure 45,46. In the Supplementary Information, we describe how the GSFE is obtained
based upon accurate first-principles calculations and provide all of the functions and
parameters used as input to the anisotropic Peierls-Nabarro grain boundary (APNGB) model
applied to (0001) twist grain boundaries in graphite.
Figure 4 (a) The (0001) twist grain boundary (GB) energy in graphite obtained from the APNGB model as a
function of twist angle ߶ (black symbols). The contributions to the GB energy from the elastic and misfit
(GSFE) energies are shown by blue and red symbols. The solid black horizontal line shows the GB energy
assuming that the graphite crystals are rigid and incommensurate with each other (obtained as the average over
the entire GSFE). The inset shows the spatial distribution of the misfit  energy in a ߶=1° twist grain boundary
(dislocations cores are seen as green lines). (b) The results from (a) plotted over the entire twist angle range
(lower black curve) and the corresponding cleavage energy Ȟ(߶) over the same range based upon the measured
values of Ȟሺ߶) (shown as the red line). The green dashed curve shown for comparison, is the typical shape of
ߪሺ߶) for a twist GB on the (111) plane of a face centered cubic metal 46.
For  small,  twist  angles ߶, the grain boundary can be thought of as a two dimensional
array of dislocations 43,45,  as  shown  in  the  inset  to  Fig.  4  a  for  a  1°Û twist  angle  from  the
anisotropic Peierls-Nabarro grain boundary (APNGB) calculation. The green lines
(intermediate misfit energy) in that figure represent the dislocation cores and the red regions
with highest misfit energy are the positions where dislocation lines intersect. These results
show that the dislocation core width is ݓ ؄ 3 nm (the width of the green lines in the inset to
Fig. 4a). This exceptionally large dislocation core width is associated with the very weak
interlayer bonding and relatively strong/stiff intralayer bonding in graphite and is consistent
with electron microscopy observations 47. The nearly triangular dislocation array is associated
with the dissociation of the screw dislocations in this boundary into partial dislocations and
alternating triangles correspond to regions of ABAB|ABAB (perfect crystal) stacking and
ABAB|CACA stacking (i.e., a stacking fault). The magnitude of the stacking fault energy in
graphite is very small, ~0.85 mJ/m2 (see the Supplementary Information). The corresponding
twist  boundary energy versus twist  angle is  shown in Fig.  4a.  The energy rises rapidly from
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zero at 0° and saturates at ~22 mJ/m2 over  a  characteristic  angle  range  of  4°  (90%  of  the
saturation value). The saturation of the twist boundary energy at such a small angle is unusual
compared with non-van der Waals bonded materials (e.g., metals 45,46) and can be understood
as the angle for which the dislocation cores overlap. The dislocation spacing is ݀ ؄ ܾ/߶,
where b is the magnitude of the Burgers vector (~0.2 nm for partial dislocations in graphite).
Hence, the critical angle for dislocation overlap, i.e., ݀ ؄ ݓ, is ߶௖ ؄
௕
௪
؄ 3.7°,  in  good
agreement  with  the  APNGB  results.  A  similar  condition  applies  at  60°–߶௖, where the 60°
rotation corresponds to a perfect twin with extremely small energy. For twist angles in the
range ߶௖ ൑ ߶ ൑ 60°െ ߶௖, the dislocation cores significantly overlap and the twist boundary
can be viewed as two rigid crystals meeting incommensurately at the twist boundary. The
energy  of  such  a  configuration  is  almost  entirely  the  result  of  the  misfit  energy  (the  elastic
energy is negligible over this angle range – see Fig. 3 a) and can be simply obtained by
performing an average over the entire generalized stacking fault energy (see the
Supplementary Information). This is the asymptotic, large angle grain boundary energy,
which is ߪ଴ ؄ 22 mJ/m2 for graphite.
These theoretical results can be used to interpret the experimental findings. The cleavage
energy is predicted to be nearly independent of twist angle over the entire experimental range
from 16° to 54°. This is consistent with the experimental observations (Fig. 3b). The
theoretical results show that a variation with twist angle should only be seen for 0° < ߶ < 4°
or 56° > ߶ > 60°.  Since the contribution to the cleavage energy from the surface energy is
so much larger than the grain boundary energy (and its variation), even for these angles, the
variation in Ȟ with ߶ will be small. We can use the theoretical results to estimate the (0001)
surface energy from the experimentally measured cleavage energies. Over the experimentally
accessible twist angle range, with a measured value of Ȟ = 0.37 ± 0.01J/m2, the ideal
cleavage energy is Ȟ(0) ൌ Ȟ + ߪ଴ = 2ߛ = 0.37 + 0.02 J/m2= 0.39 ± 0.02 J/m2, where ߪ଴
is the large angle (4° ൑ ߶ ൑ 56°) value of the twist grain boundary energy. We estimate the
error in ߪ଴ to be less than ~0.005 J/m
2 (see the Supplementary Information).
 Graphite is an unusual material; it has very strong (covalent) bonding within the basal
plane but has extremely weak (van der Waals) bonding between basal planes. This results in
very large (small) values of the elastic constants with components without (with) components
in the direction normal to the basal plane. While unusual compared with most materials, it is
also prototypical of layered van der Waals bonded systems. Hence, definitive values for the
main energetics of this system are both interesting and important. This has led to a wide range
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of measurements and theoretical predictions of the strength of this bonding (especially as it
relates to the interlayer bonding).  This interlayer binding energy has been reported in
several forms for graphite 48; namely the cleavage energy (CE), the (0001) surface energy
(SE), the binding energy (BE), and the exfoliation energy (EE, the energy per area required to
remove one (0001) atomic layer from the surface of the bulk material). Experimental
measurements suggest cleavage energies in the 0.19-0.72 J/m2 range (or 0.43 ± 0.29 J/m2)
and the theoretical predictions are in the 0.03-0.51 J/m2 range (or 0.27 ± 0.24J/m2); see Tables
S1 and S2 in the Supplementary Information. Prior to the present work, direct, accurate
experimental measurements of these energies were unavailable and theoretical predictions
were routinely confounded by the difficulty of fully including dispersion forces within
first-principles frameworks (even the most accurate methods show significant variations).
The different measurements of the interlayer bonding are inter-related by either exact
relations or by theoretical estimates; SE = CE/2, BE | 0.85 CE and CE | 0.85 EE 48. In the
present work, we report accurate experimental results for the CE of incommensurate graphite
on the basal plane, i.e., CE = 0.37 ± 0.01 J/m2. In order to relate this to the CE of a perfectly
stacked AB graphite crystal, we performed anisotropic Peierls-Nabarro grain boundary
energy calculations based on a combination of experimental and first principle results to
obtain a grain boundary energy with a maximum value of ߪ = 0.02 ± 0.005 J/m.   This
implies  CE  =  0.39  ±  0.02  J/m2 for perfectly stacked AB graphite. While this value is a
combination of experimental and computational results, the uncertainties are still very small
and this value should be considered definitive. Using the relations described above, these
results imply a basal plane surface energy of 0.20 J/m2, an interlayer binding energy of 0.33
J/m2 and  exfoliation  energy  of  0.46  J/m2.   These  results  provide  an  excellent  means  to
distinguish between competing approaches for ab initio prediction of bonding in van der
Waals materials.
Acknowledgements
The experimental was performed with the support of NSFC (Grant No. 11227202), the
National Basic Research Program of China (Grant Nos. 2013CB934203 and 2010CB631005),
and SRFDP (Grant No. 20130002110043). The theoretical work was supported by the Office
of Sciences, Basic Energy Sciences, US Department of Energy, EFRC award
DE-SC0012575.
References
Graphite Cleavage Energy 11
1 Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science 306, 666-669, (2004).
2 Geim, A. K. & Novoselov, K. S. The rise of graphene. Nature Mater. 6, 183-191, (2007).
3 Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in graphene. Nature 438,
197-200, (2005).
4 Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurement of the elastic properties and intrinsic strength of
monolayer graphene. Science 321, 385-388, (2008).
5 Grantab, R., Shenoy, V. B. & Ruoff, R. S. Anomalous strength characteristics of tilt grain boundaries in
graphene. Science 330, 946-948, (2010).
6 Liu, F., Ming, P. & Li, J. Ab initio calculation of ideal strength and phonon instability of graphene under
tension. Phys. Rev. B 76, (2007).
7 Nair, R. et al. Fine structure constant defines visual transparency of graphene. Science 320, 1308-1308,
(2008).
8 Berber, S., Kwon, Y.-K. & Tomanek, D. Unusually high thermal conductivity of carbon nanotubes. Phys.
Rev. Lett. 84, 4613, (2000).
9 Balandin, A. A. et al. Superior thermal conductivity of single-layer graphene. Nano Lett. 8, 902-907,
(2008).
10 Wang, L.-F. & Zheng, Q.-S. Extreme anisotropy of graphite and single-walled carbon nanotube bundles.
Appl. Phys. Lett. 90, 153113, (2007).
11 Kim, Y. et al. Breakdown of the Interlayer Coherence in Twisted Bilayer Graphene. Phys. Rev. Lett. 110,
(2013).
12 Charlier, J.-C., Gonze, X. & Michenaud, J.-P. Graphite interplanar bonding: electronic delocalization and
van der Waals interaction. Europhys. Lett. 28, 403, (1994).
13 Benedict, L. X. et  al. Microscopic determination of the interlayer binding energy in graphite. Chem.
Phys. Lett. 286, 490-496, (1998).
14 Palser, A. H. Interlayer interactions in graphite and carbon nanotubes. Phys. Chem. Chem. Phys. 1,
4459-4464, (1999).
15 Rydberg, H. et al. Van der Waals Density Functional for Layered Structures. Phys. Rev. Lett. 91, (2003).
16 Hasegawa, M. & Nishidate, K. Semiempirical approach to the energetics of interlayer binding in
graphite. Phys. Rev. B 70, (2004).
17 Zacharia, R., Ulbricht, H. & Hertel, T. Interlayer cohesive energy of graphite from thermal desorption of
polyaromatic hydrocarbons. Phys. Rev. B 69, (2004).
18 Ortmann, F., Bechstedt, F. & Schmidt, W. Semiempirical van der Waals correction to the density
functional description of solids and molecular structures. Phys. Rev. B 73, (2006).
19 Lebègue, S. et al. Cohesive Properties and Asymptotics of the Dispersion Interaction in Graphite by the
Random Phase Approximation. Phys. Rev. Lett. 105, (2010).
20 Roenbeck, M. R. et al. In  Situ  Scanning  Electron  Microscope  Peeling  To  Quantify  Surface  Energy
between Multiwalled Carbon Nanotubes and Graphene. ACS nano 8, 124-138, (2014).
21 Stone, A. The theory of intermolecular forces.  (Oxford University Press, 2013).
22 Grimme, S. Semiempirical GGAϋtype density functional constructed with a longϋrange dispersion
correction. J. Comput. Chem. 27, 1787-1799, (2006).
23 Lee, K., Murray, É. D., Kong, L., Lundqvist, B. I. & Langreth, D. C. Higher-accuracy van der Waals density
functional. Phys. Rev. B 82, 081101, (2010).
24 Sun, J. et  al. Semilocal and hybrid meta-generalized gradient approximations based on the
understanding of the kinetic-energy-density dependence. J. Chem. Phys. 138, 044113, (2013).
25 Langreth, D. C. & Perdew, J. P. Theory of nonuniform electronic systems. I. Analysis of the gradient
approximation and a generalization that works. Phys. Rev. B 21, 5469, (1980).
26 Harl, J. & Kresse, G. Cohesive energy curves for noble gas solids calculated by adiabatic connection
fluctuation-dissipation theory. Phys. Rev. B 77, 045136, (2008).
27 Drummond, N. & Needs, R. van der Waals Interactions between Thin Metallic Wires and Layers. Phys.
Rev. Lett. 99, (2007).
28 Sorella,  S.,  Casula,  M.  &  Rocca,  D.  Weak  binding  between  two  aromatic  rings:  feeling  the  van  der
Waals attraction by quantum Monte Carlo methods. J. Chem. Phys. 127, 014105, (2007).
29 Zheng, Q. et al. Self-Retracting Motion of Graphite Microflakes. Phys. Rev. Lett. 100, (2008).
30 Dienwiebel, M. et al. Superlubricity of Graphite. Phys. Rev. Lett. 92, (2004).
31 Liu, Z. et al. Observation of Microscale Superlubricity in Graphite. Phys. Rev. Lett. 108, (2012).
Graphite Cleavage Energy 12
32 Yang, J. et al. Observation of High-Speed Microscale Superlubricity in Graphite. Phys. Rev. Lett. 110,
(2013).
33 Zheng, Q. et al. Self-retracting motion of graphite microflakes. Physical Review Letters 100, 067205,
(2008).
34 Park,  S.,  Floresca,  H.  C.,  Suh,  Y.  &  Kim,  M.  J.  Electron  microscopy  analyses  of  natural  and  highly
oriented pyrolytic graphites and the mechanically exfoliated graphenes produced from them. Carbon
48, 797-804, (2010).
35 Hill, T. L. Theory of physical adsorption. Adv. Catal. 4, 1, (1952).
36 Liu, Z. et al. A graphite nanoeraser. Nanotechnology 22, 265706, (2011).
37 Hirano, M. & Shinjo, K. Atomistic locking and friction. Phys. Rev. B 41, 11837-11851, (1990).
38 Shinjo, K. & Hirano, M. Dynamics of friction: superlubric state. Surf. Sci. 283, 473-478, (1993).
39 Sørensen, M. R., Jacobsen, K. W. & Stoltze, P. Simulations of atomic-scale sliding friction. Phys. Rev. B
53, 2101-2113, (1996).
40 Liu, Z. et al. Interlayer binding energy of graphite: A mesoscopic determination from deformation.
Phys. Rev. B 85, (2012).
41 Peierls, R. The size of a dislocation. Proc. Phys. Soc. 52, 34, (1940).
42 Nabarro, F. Dislocations in a simple cubic lattice. Proc. Phys. Soc. 59, 256, (1947).
43 Hirth, J. & Lothe, J. Theory of Dislocations, 2nd. Ed.: John Willey & Sons, (1982).
44 Xiang,  Y.,  Wei,  H.  &  Ming,  P.  A  generalized  Peierls–Nabarro  model  for  curved  dislocations  and  core
structures of dislocation loops in Al and Cu. Acta Mater. 56, 1447-1460, (2008).
45 Dai,  S.,  Xiang,  Y.  &  Srolovitz,  D.  J.  Structure  and energy  of  (111)  low-angle  twist  boundaries  in  Al,  Cu
and Ni. Acta Mater. 61, 1327-1337, (2013).
46 Dai, S., Xiang, Y. & Srolovitz, D. J. Atomistic, generalized Peierls–Nabarro and analytical models for (111)
twist boundaries in Al, Cu and Ni for all twist angles. Acta Mater. 69, 162-174, (2014).
47 Garbarz, J., Lacaze, E., Faivre, G., Gauthier, S. & Schott, M. Dislocation networks in graphite: a scanning
tunnelling microscopy study. Philos. Mag. A 65, 853-861, (1992).
48 Gould, T. et al. Binding and interlayer force in the near-contact region of two graphite slabs:
Experiment and theory. J. Chem. Phys. 139, 224704, (2013).
